ABSTRACT In the mature auditory system, inner hair cells (IHCs) convert sound-induced vibrations into electrical signals that are relayed to the central nervous system via auditory afferents. Before the cochlea can respond to normal sound levels, developing IHCs fire calcium-based action potentials that disappear close to the onset of hearing. Action potential firing triggers transmitter release from the immature IHC that in turn generates experience-independent firing in auditory neurons. These early signaling events are thought to be essential for the organization and development of the auditory system and hair cells. A critical component of the action potential is the rise in intracellular calcium that activates both small conductance potassium channels essential during membrane repolarization, and triggers transmitter release from the cell. Whether this calcium signal is generated by calcium influx or requires calcium-induced calcium release (CICR) is not yet known. IHCs can generate CICR, but to date its physiological role has remained unclear. Here, we used high and low concentrations of ryanodine to block or enhance CICR to determine whether calcium release from intracellular stores affected action potential waveform, interspike interval, or changes in membrane capacitance during development of mouse IHCs. Blocking CICR resulted in mixed action potential waveforms with both brief and prolonged oscillations in membrane potential and intracellular calcium. This mixed behavior is captured well by our mathematical model of IHC electrical activity. We perform two-parameter bifurcation analysis of the model that predicts the dependence of IHCs firing patterns on the level of activation of two parameters, the SK2 channels activation and CICR rate. Our data show that CICR forms an important component of the calcium signal that shapes action potentials and regulates firing patterns, but is not involved directly in triggering exocytosis. These data provide important insights into the calcium signaling mechanisms involved in early developmental processes.
INTRODUCTION
Before the cochlea can respond to sound, developing inner hair cells (IHCs) generate calcium-based action potentials (1) that support position-dependent patterned firing along the length of the cochlea (2) . The small conductance (SK2) current, present as early as P0 (3) , is critical in triggering the robust repolarization, after hyperpolarization (AHP) and timing of action potential firing (4) (5) (6) (7) (8) . Although the role of action potential firing has not been fully established it potentially serves two roles; intrinsic hair cell development and guiding central auditory development. It is well established, in other systems, that calcium (Ca 2þ ) signals generated during electrical activity are important in the activation of gene transcription pathways (9) (10) (11) (12) . Recently, experiments on a mouse overexpressing the SK2 channels demonstrate that changes in the pattern of action potential activity, just before the onset of hearing, prevents the developmental changes in the Ca 2þ dependence of neurotransmitter release (13) . Taken together, this suggests that the early experience-independent firing generates calcium signals that may be important in activating the appropriate gene transcription pathways necessary for the maturation of the hair cell.
In addition, during action potential firing the rises in intracellular calcium trigger transmitter release from immature IHCs (14) (15) (16) ) that drives firing patterns in developing spiral ganglion neurons (17) . This type of early developmental experience-independent activity is well established to be important in retinal development (18) . By analogy with the visual system, in the auditory system the early electrical activity has been proposed to influence the tonotopic development of the higher auditory pathways (19) (20) (21) . Thus, the calcium signal generated during action potential firing is likely to be important in the development of both the IHC and higher auditory pathways.
The upstroke of the action potential is generated by calcium influx through Cav1.3 calcium channels (22) , resulting in a rise in intracellular calcium. Calcium-induced calcium release (CICR) is an amplification process whereby an increase in intracellular calcium activates calcium release through ryanodine-sensitive channels (RyRs) (23, 24) . Although CICR is present in developing IHCs (25) its function is unclear.
Here, we investigated whether action potential firing or exocytosis had any dependence on CICR. We used a combined approach of experimental measurement of electrical activity or cell capacitance and calcium signals together with mathematical analysis to gain further insight and assess the contributions of CICR to shaping IHCs firing patterns. Our mathematical model (26) explicitly takes into account ion channel characteristics of immature IHCs. During model development, we have given special attention to choosing parameter values within the ranges of published voltageclamp electrophysiological data (4, 7, 27) . The model includes the main currents found in immature IHCs, and has been validated using current-clamp experimental data (26) . In this work, we performed numerical bifurcation analysis of the model and studied the relative contribution of SK2 and CICR in regulation of the calcium signal.
Together, our results show a significant role for CICR in shaping the patterns of electrical activity, but it has no direct role in early exocytosis. By changing the characteristics of the calcium signal, for example through altering CICR, action potential duration and frequency can be changed. These experimental findings are supported by simulations of our IHC biophysical model. Furthermore, performing numerical continuation of the different periodic solutions supported by the model allows us to examine the relative contribution of CICR rate and the amount of SK2 current activated during spiking in shaping action potential pattern and duration.
MATERIALS AND METHODS
All experiments were performed in accordance with United Kingdom Animals (Scientific Procedures) Act (1986) and associated guidelines. Mice (Swiss CD-1) aged between postnatal Day 6 and 11 (P6-P11 where the day of birth is P0) were killed by rapid cervical dislocation and dissected as described previously (25, 28) .
Electrophysiology
Mid and apical turns of the organ of Corti were excised and mounted in the recording chamber. For all experiments the microscope stage was equipped with a heated stage (built in-house) to maintain the recording chamber at a temperature of [34] [35] [36] [37] C. Cells were visualized using the Olympus BX50WI microscope (Olympus, Southend-on-Sea, UK) using a 40Â water immersion objective. Cells were continually perfused with an extracellular solution containing (mM): 140 NaCl, 0.7 NaH 2 PO 4 , 5.8 KCl, 1.3 CaCl, 0.9 MgCl, 10 HEPES, 2 Na-pyruvate, and 5.6 D-glucose; vitamins and amino acids for Eagle's minimal essential medium were added from concentrates (Life Technologies, Paisley, UK), pH was adjusted to 7.4 at 310 mOsm. Whole-cell current-and voltage-clamp recordings were made from mid or apical P6-P11 mouse IHCs. The pipette solution contained (mM): 140 KCl, 3 MgCl 2 , 1 EGTA-KOH, 5 Na 2 ATP, 5 HEPES and 0.3 Na 2 GTP, pH 7.4, and osmolarity of 295 mOsm. Pipette calcium buffers were chosen based on (2) where action potential kinetics made in whole-cell recordings with 1 mM EGTA matched those made in cell attached mode. For currentlamp recordings current was injected in 2-10 pA steps to determine the minimum current required to initiate action potential firing. IHCs started to fire action potentials when depolarized to À53 5 0.4 mV (n ¼ 44) and this threshold was used for all subsequent action potential recordings. For all recordings strychnine (100 nM, Sigma-Aldrich, Gillingham, UK) was added to the bath solution to block the a9/a10 acetylcholine receptor channel (AChR) to prevent spontaneous inhibitory postsynaptic potentials. Ryanodine 1, 20, or 100 mM (Sigma-Aldrich, UK; Ascent Scientific, Cambridge, UK; Calbiochem, UK; or Biomol, UK) was used to enhance or block CICR, respectively. Ryanodine was added to the pipette solution to minimize any presynaptic effects either on the efferent fibers or directly on the AChR. A minimum of 5 min was allowed for the ryanodine to dialyze into the cell before the recording of any action potentials for analysis.
Data were acquired using an EPC10-F amplifier, sampling rate of 20 kHz, and PatchMaster v2.20 (HEKA Elektronik -Dr. Schulze GmbH, Lambrecht/Pfalz, Germany). Action potential analysis was performed using the Mini Analysis Program (Synaptosoft, Decatur, GA). In current-clamp experiments, the initiation of the current injection step sometimes triggered an initial action potential but this was disregarded from the data analysis as it is from a more hyperpolarized voltage and potentially contaminated with the voltage change due to current injection. Consequently, in each current-clamp experiment, the first action potential was considered to be the first one from baseline during current injection. Repolarization times were calculated from the peak of the action potential to 90% repolarization time to baseline. Prolonged action potential waveforms were defined as repolarization time > mean 52Â SD of control experimental values. AHP amplitudes were measured from the baseline before the action potential to the lowest point of the AHP. Interspike interval was measured as the time between AP peaks, for prolonged oscillations the initial peak is taken. 
Statistical analysis

Calcium imaging
Calcium imaging was carried out as described previously (25, 28) at near body temperature [34] [35] [36] C. Briefly, cells were loaded with the cell-impermeable form of Fluo-4 (100 mM; Molecular Probes, Eugene, OR) through the patch pipette during whole-cell recording. Confocal images were collected in line scan mode (1-2 ms per line) using an Olympus FV300 confocal microscope (Olympus UK). Fluorescence was excited with 488 nm. Emitted light at wavelengths >515 nm were detected by the photomultiplier of the confocal system. Images were imported into Igor Pro v6 and bands of adjacent pixels corresponding to a band of cytoplasm nominally 1 mm wide were analyzed. For presentation the confocal line-scan image has been cropped using ImageJ.
Measurement of changes in membrane capacitance
Changes in membrane capacitance (DC m ) were measured using the track-in circuitry of the Optopatch amplifier (Cairn Instruments, Faversham, UK) (15, 29) . In brief, a 3 kHz sine wave (amplitude 34 mV) was applied to IHCs about the holding potential of À84 mV using the internal oscillator of the Optopatch. The sine wave is large enough to reveal changes in capacitance without itself activating any membrane currents because accurate measurement of membrane capacitance requires a high and constant membrane resistance (R m ). The command sine wave was interrupted for the duration of the voltage step, which was between 10 and 100 ms to nominally À5 mV. The capacitance signal from the Optopatch was amplified (Â50), and filtered at 200 Hz externally using an 8-pole Bessel filter (NPI LPBS 08, NPI electronics, Haldenstrasse, Germany). Data were collected using pClamp software with a sampling frequency of 50 kHz. Membrane potentials were corrected for residual series resistance and liquid junction Biophysical Journal 108(5) 1003-1012 potential and data analyzed using Origin6 software (OriginLab, Northampton, MA). Changes in membrane capacitance were measured by averaging the C m trace over a 300 ms period following the stimulus and compared to the prestimulus baseline, which was set to zero using an average of 30 ms in the prestimulus trace. Statistical analysis as described previously.
Mathematical model
The model (see the Supporting Material for full model details), henceforth referred to as the IHC model, was originally proposed in (26) where it is shown that the model can reproduce complex firing patterns in a reasonable quantitative and qualitative agreement with experimental observations of IHC. In this work, we focus on the boundaries of existence and observability of such firing patterns, and we explore their dependence on CICR, which was previously unexplored.
For the purposes of our analysis, the IHC model was explored numerically with two techniques: time stepping (i.e., initial value problem numerical integration of the model equations) and numerical bifurcation continuation (using a boundary value problem approach, which provides better handling of numerical error). Time stepping was performed by specifying values for the control parameters, prescribing a set of initial conditions for the state variables, and then evolving them in time according to Eqs. S1-S4 (Supporting Material) using the XPPAUT (30) adaptive solver CVODE recommended for stiff system.
Once a periodic firing pattern is obtained with time-stepping simulations, it is possible to investigate its dependence upon control parameters using numerical bifurcation analysis (31) . This approach reveals whether a given firing pattern is stable (therefore robust to small perturbations and observable experimentally), how it changes when control parameters are varied and how new periodic patterns are generated at critical points (called bifurcations).
Time stepping and bifurcation analysis are complementary techniques, because states found with the latter can be used as initial conditions for the former and vice versa. The final result is a comprehensive atlas (landscape) of solutions supported by the IHC model, which was used to characterize the behavior of the system and predict the occurrence of new firing patterns.
Numerical integration of the IHC model was done in XPPAUT (30) , using the CVODE-solver with standard tolerance and adaptive time steps, whose default value was set to dt ¼ 0.01 s. The bifurcation analysis was carried out using numerical continuation in AUTO (32) . We set the number of mesh intervals used for discretization NTST ¼ 400; the number of Gauss collocation points per mesh interval NCOL ¼ 4; and the relative convergence criteria for equation parameters in the Newton/Chord method EPSL ¼ 10 À5 and EPSU ¼ 10 À5 for the tolerances of the Newton solver.
RESULTS
Action potential waveform is dependent on calcium release
Developing hair cells can fire calcium-based action potentials until the end of the second postnatal week, just before the onset of hearing (33) . The calcium signal generated is likely to be critical in determining the overall shape and frequency of firing of the action potential as repolarization and maintenance of action potential firing is heavily reliant on the activation of the small conductance calcium-activated potassium current (SK2) current (4).
We have investigated the contribution of calcium release from intracellular stores on the action potential waveform and firing rate using ryanodine to either enhance (1 mM ryanodine) or inhibit (100 mM ryanodine) release of calcium from intracellular stores (24) .
As shown recently, ryanodine is a positive modulator of the a9a10 AChR (34) . Therefore, in all action potential recordings, extracellular strychnine (100 nM) was present in the bath solution, both for blocking AChR-ryanodine interactions and for preventing spontaneous inhibitory postsynaptic potentials, known to cause hyperpolarization and modulate action potential firing (2, 4, 8, 35) . In addition, ryanodine was applied intracellularly via the patch pipette to minimize any effects on cells surrounding IHCs including neurons.
Under our recording conditions at P6-10 cells were not firing spontaneous action potentials so a series of small depolarizing current injections were used to establish the threshold for firing (see Materials and Methods). This was determined to be À53 mV 5 0.4 (n ¼ 44). During current injections cells from P6-8 mice fired trains of action potentials with variable frequency. Repolarization times were analyzed for all action potentials recorded from controls (794 action potentials, n ¼ 7, analysis here does not include cells loaded with Fluo-4 for calcium imaging) and cells with either 1 mM (351 action potentials, n ¼ 6) or 100 mM (751 action potentials, n ¼ 6) intracellular ryanodine. Under control conditions the first action potential in a train had a repolarization time of 3.6 5 0.17 ms (Fig. 1 b) with a gradual slowing in repolarization over the course of a recording, with a maximum slowing of~20% (see Fig. 1 d) . In addition, in two of seven control experiments some prolonged action potentials were seen (22/794 action potentials) (defined as repolarization time > mean 5 2 SD of control experiment values). As development progressed toward the end of the second postnatal week, prolonged action potentials became more frequent with 40% of cells showing prolonged action potentials at P10 (n ¼ 25).
Enhancing CICR (1 mM ryanodine) had no effect on action potential amplitude and did not significantly reduce the repolarization time of the first action potential in a train (3.31 5 0.11 ms, n ¼ 6 cells) compared to control (3.6 5 0.17 ms, n ¼ 7 cells) (Fig. 1 b) . However, analysis of all action potentials revealed that, overall, repolarization was significantly faster in the presence of 1 mM ryanodine (4.02 5 0.03 ms, n ¼ 6 cells, p < 0.001) compared to control action potentials (4.54 5 0.1 ms, n ¼7 cells) (Fig. 1 c) .
Recordings in the presence of 1 mM ryanodine showed no prolonged action potentials (0/351, n ¼ 6) and less variation in action potential duration with an SD of 50.6 ms (coefficient of variation 15.75%) compared to control SD of 52.7 ms (coefficient of variation 59.49%). The averaged data of the first 10 action potentials in a train show that there was no effect on the progressive slowing of repolarization, which remained similar to control values at 20% (Fig. 1 d) .
In contrast, when CICR was blocked with 100 mM ryanodine, the repolarization time for the first action potential in a train was significantly slower than in control (3.6 5 0.17 ms, n ¼ 7) compared to ryanodine (5.6 5 0.4 ms, n ¼ 6, p < 0.001). In addition, blocking CICR led to a significant Biophysical Journal 108(5) 1003-1012 slowing of action potential repolarization during trains of action potentials (Fig. 1, a and d) , leading to action potentials with prolonged waveforms (Fig. 1 a, inset) . The average repolarization time slowed to (9.97 5 0.3 ms, coefficient of variation 81.9%) (Fig. 1 c) , with some action potentials as long as 75 ms (Figs. 1 a and 2 a) . However, prolonged action potentials did eventually show a robust repolarization and AHP during recordings. Over the course of the six experiments a total of 204/751 action potentials were prolonged. These data show that a crucial part of the calcium signal during action potential firing is generated by calcium release from intracellular stores. Time-stepping numerical simulations of the model (Eqs. S1-S4, Supporting Material) agree well with the experimental data reported previously. Decreasing the permeability of CICR channels (RyR2), represented by the parameter p ER in the model, results in complex periodic solutions with prolonged action plateaus (see Fig. 3 b) . This could be explained noting that reducing the release of calcium from the endoplasmic reticulum induces a decrease in intracellular calcium concentration. This effectively results in lower SK2 currents and is reminiscent of an apamin block of the IHCs SK2 channels (see Fig. 3 C in (4) and Fig. 2 a in (26) ).We note that our model is a Chay-Keizer type of model (36) in which the voltage plateau is not explicitly included. Therefore, in the model the voltage plateau is an emergent property arising predominantly from the interactions between the voltage variable (V m ) and the activation of the delayed rectifier-type potassium current (n) (37) .
Blocking calcium release causes mixed patterns of action potential waveforms
Information during action potential firing can be encoded for by both frequency of firing and action potential shape, leading to calcium signals with a wide range of spatial and temporal characteristics (38, 39) . In our experiments, although the effect of blocking CICR tended to cause a progressive slowing of action potential repolarization, in many experiments more complex behavior with a mix of shorter and prolonged action potentials were seen (Fig. 2 a, prolonged action potentials are marked with an asterisk). These prolonged action potentials did eventually repolarize and were always followed by a robust AHP, much larger than seen for the shorter action potentials in the same recording.
Analysis of the AHP from action potentials that were not prolonged in each experimental condition showed that enhancing CICR produced significantly larger AHPs than in control conditions (1 mM ryanodine: 5.5 5 0.07 mV, control: 3.6 5 0.06 mV) and that blocking CICR significantly reduced the AHP (100 mM ryanodine: 3.0 5 0.06 mV) (Fig. 2 b) . For the prolonged action potentials, analysis showed that the length of the action potential correlated with the size of the AHP (Fig. 2 c) , with longer action potentials generally leading to larger AHPs. In addition, we analyzed the interspike interval in all recordings. Enhancing CICR had a clear effect of significantly increasing the interspike intervals (control: 208 5 14.5 ms, 1 mM ryanodine: 289 5 21.9 ms) and thus slowing the firing rate. However, the results from blocking CICR are more difficult to interpret. If all action potentials were included in the analysis, the interspike interval was then significantly longer than in control (234 5 9.9 ms) due to the prevalence of prolonged action potentials. Removal of those action potentials If the CICR rate is decreased (while the SK2-channel conductance is kept at a constant value), an aperiodic mixed pattern is found (label 2). Decreasing the CICR further leads to a regular periodic 1þ3 pattern (label 3) and a further mixed pattern (label 4). The shape of the aperiodic patterns (labels 2 and 4) is influenced by their position on the (pER, gKCa)-plane.
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classified as prolonged (mean in control conditions 5 2 SD) reduced interspike interval to 219 5 12.4 ms, but this remained significantly longer than control conditions. This difference may be due to the broad range of action potential durations present in these experiments and the chaotic nature of the firing, and because the relationship between the size of the AHP and the interspike interval may be more complex in the presence of 100 mM ryanodine. These data show that CICR has a pivotal role in shaping both action potential shape and modulating firing rate. We suggest that prolonged action potentials could occur physiologically if the amount of calcium release from the stores were to change during repetitive firing.
The occurrence of mixed patterns of action potentials (spikes) was also investigated numerically using both time-stepping and numerical bifurcation analysis. The IHC model was first evolved in time, setting parameters as in Table S1 , and then numerical bifurcation analysis was conducted for two control parameters: the CICR rate (p ER ), which influences the calcium signal in Eq. S4 (Supporting Material), and the conductance of the SK2 channels (g K(Ca) ), which in turn regulates the SK2 current in Eq. S1 (Supporting Material). This analysis allows us to assemble an atlas of IHC model solutions by tracing the bifurcations that give rise to stable periodic solutions because the two control parameters of interest, namely p ER and g K(Ca) , are varied. Decreasing p ER in the model corresponds to blocking CICR via ryanodine, whereas reducing g KCa mimics an experimental block by apamin (see Fig. 2 a in (26) ). Fig. 3 a reveals the existence of an intricate landscape of firing patterns, classified according to the number of large spikes and prolonged spikes with plateau oscillations. For example 1þ3 denotes a pattern with a single large spike followed by a prolonged spike with three plateau oscillations (an example is shown in the third panel of Fig. 3 b) . The landscape features nonoscillatory stationary states (labeled as Stationary in Fig. 3 a) , as well as single-spike periodic solutions (labeled as Spiking in Fig. 3 a) ; periodic solutions without single spikes (labeled 0þ3, 0þ4, 0þ5 in Fig. 3 a) and with an increasing number of large spikes and plateau oscillations (labeled 2þ4, 2þ5, 2þ6 in Fig. 3 a) . Shaded areas correspond to values of parameters where stable periodic (complex) oscillations exist: from a mathematical standpoint, mixed firing patterns are found to lie on isolas (closed curves in parameter space) and stability changes are associated with period-doubling bifurcations, which were traced in the (p ER , g KCa )-plane and plotted as solid line curves in Fig. 3 a. The white areas in Fig. 3 a correspond to parameter regimes in the model where no stable periodic attractors could be detected. Time-stepping model simulations indicate that if the model parameters are chosen in one of the white areas, irregular mixed firing patterns then occur, as seen in our experiments with 100 mM ryanodine.
Examples of firing patterns for four different values of p ER while keeping the value of g K(Ca) fixed were computed via time-stepping simulations and are shown in Fig. 3 b. These model simulations correspond to blocking CICR and indicate that this leads to complex spiking behavior with prolonged action potentials closely resembling the experimental recordings shown in Fig. 2 a. The first panel in Fig. 3 b shows regular spiking and represents typical model behavior for high values of p ER . The irregular mixed firing patterns are composed of large (brief action potentials) spikes and prolonged action potentials (comprising small oscillations on top of a depolarized plateau) that alternate unpredictably as depicted in the second and forth panels of Fig. 3 b. A stable, periodically repeating firing pattern containing 1 large spike and 3 small plateau oscillations (1þ3) is also illustrated in the third panel of Fig. 3 b. Note that we made use of such solutions to perform the systematic bifurcation analysis in the control parameters that we focus on in this study, namely p ER and g KCa (shown in Fig. 3 a) .
Slight variations of the control parameters can induce dramatic changes in the firing patterns in close proximity to the boundaries depicted as solid line curves in Fig. 3 a. An example is shown in the second panel of Fig. 3 b: when the CICR rate is decreased to cross the boundary of the spiking region (a period-doubling bifurcation), the action potential changes from a purely spiking to an aperiodic mixed firing pattern. When the CICR rate was decreased even further, a regular periodic 1þ3 firing pattern emerged (illustrated in the third panel of Fig. 3 b) as we entered the corresponding shaded area, followed by periodic 1þ4 and 1þ5 patterns (not shown) and a second aperiodic mixed firing pattern (depicted in the fourth panel of Fig. 3 b) .
Complex action potentials waveforms generate oscillating calcium signals
We used simultaneous confocal line-scan imaging and current-clamp recordings to investigate the calcium signals during normal and prolonged action potentials. The image in Fig. 4 shows an example line-scan image across the basal pole of a P10 IHC during action potential firing initiated by a small current injection (see Materials and Methods) under normal conditions. Analysis of the line-scan image in a band, nominally 1 mm wide, adjacent to the plasma membrane reveal the fluorescence changes during action potential firing (Fig. 4 b, middle trace) . During brief action potentials calcium signals were very transient in nature. In comparison, prolonged action potentials often showed initial oscillations in membrane potential that then became sustained depolarizations. As expected, the corresponding calcium signals matched these observations closely demonstrating that the calcium signal generated can follow the slow oscillations in membrane voltage and last throughout the duration of the plateau phase of the action potential. These larger calcium signals may explain how the prolonged action potentials eventually show robust repolarization. Although many Biophysical Journal 108(5) 1003-1012 calcium channels and SK2 channels are closely located, when the calcium signal spreads it is likely that SK2 channels further away are also activated, thus eventually activating sufficient SK2 channels to promote repolarization of the action potential and generate the large AHP (Fig. 4 a) . It is important to note that the prolonged waveform solutions in the model are also associated with a larger increase in the calcium signal (see Fig 2 a in (26) ). This is expected and again consistent with the experimental results described previously and shown in Fig. 4 .
The effect of CICR on exocytosis
In the mature peripheral auditory system calcium influx and exocytosis are tightly coupled (15) and there is no role for CICR (40) . However, in the immature system, exocytosis and calcium influx are less tightly coupled (15) . Nevertheless, it is essential that action potential firing generates sufficient transmitter release to drive spiking in developing spiral ganglion neurons (41, 42) . We investigated whether CICR could have a role in boosting the calcium signal that triggers exocytosis before the onset of hearing, when coupling between calcium entry a transmitter release is less robust (15, 43) . Cells that were voltage clamped to À84 mV and step depolarizations to nominally À5 mV for between 10 and 100 ms were used to activate calcium influx and the resulting increases in capacitance were measured. Fig. 5 a shows experimental recordings of capacitance changes in response to repeated steps to À5 mV for 100 ms with a 1 s interstimulus interval (for clarity only the first 5 steps are shown). The initial depolarization was always the largest with a subsequent decline in exocytosis over the following depolarizations to a steady value of 20 fF, an effect that would fully recover after a 1 min interval. The average data (n ¼ 19) from these experiments is plotted in Fig. 5 b, where all 10 stimuli are plotted and the decline in capacitance release to repeated depolarizations is fit with a single exponential time course. We then tested the effects of three different concentrations of ryanodine: 1 mM (n ¼ 6), 20 mM (n ¼ 6), or 100 mM (n ¼ 13) on the capacitance change following repeated stimuli to nominally À5 mV for 10, 20, 50, or 100 ms. In all experimental conditions depolarizations were carried out either sequentially for 10 steps for one time period, e.g., 100 ms, or randomly for 10, 20, 50, or 100 ms and compared to experiments carried out in the same way in control conditions. The data presented in Fig. 5 c are averages 5 SE of the response to depolarization of 10, 20 50, and 100 ms in control, 1 mM ryanodine, 20 mM ryanodine, or 100 ryanodine mM. Our data are in agreement with other groups where longer depolarizations lead to statistically significant increases in exocytosis (14, 15) . However, we found no effect of ryanodine at any concentration, either to the response to single depolarizations (Fig. 5 c) or in the capacitance decline during a series of 10 depolarizations (data not shown). These data suggest that CICR is not involved in generating the calcium signal that directly triggers exocytosis in immature hair cells. However, CICR does have an important role in exocytosis as it modulates both action potential shape and the firing pattern, which are the physiological stimuli for driving transmitter release and thus guiding development of higher auditory pathways.
DISCUSSION
It is generally accepted that much of the complex auditory circuitry is established before the onset of hearing and is therefore independent of sound-evoked activity (21, 44) . During the prehearing developmental phase IHCs generate calcium-based action potentials (1,7) that trigger transmitter release onto developing spiral ganglion neurons, generating bursts of action potentials that have been proposed to be important in establishing the neuronal circuits (17, 41, 45) .
Because the action potential waveform is dependent on the activation of a calcium-sensitive potassium current, SK2 (4), both the kinetics of the action potential and the amount of transmitter release are dependent on the intracellular calcium signal generated during IHC firing. The aim of this study was to determine whether CICR was an essential component of this calcium signal. The information gained not only shows the functional role for CICR in developing IHCs, but also provides important insights into the calcium signaling mechanisms involved in early developmental processes.
CICR in action potential firing
In neonatal IHCs SK2 currents are essential for the fast repolarization and maintenance of action potential firing (4) (5) (6) . Our data are in good agreement with action potentials recorded by other groups under similar experimental conditions (7, 8, 14) . In our experiments 100 mM ryanodine was used to block CICR thus reducing the size and spread of the calcium signal (25) . We demonstrated that blocking CICR slowed the rate of repolarization of the first action potential in a train, and also produced a cumulative slowing during repetitive firing leading to very prolonged action potentials, and often produced complex patterns with mixed firing rates. In our model, we have already shown in (26) that decreasing the SK2 current in the model prolongs the action potential firing by effectively slowing down the Ca 2þ component of the periodic solutions found in the model (Eqs. S1-S4, Supporting Material). Hence, the trajectory spends more and more time in a region of phase space where Ca 2þ is high, thereby generating prolonged action potentials. The effects of blocking CICR are somewhat similar, but less dramatic, than those seen for blocking SK2 with apamin (4), because blocking CICR does not abolish the calcium signal, it merely reduces it (25), thus some activation of the SK2 current will remain under our conditions. In contrast, enhancing CICR-generated action potentials with less variation in duration, and an absence of any prolonged action potentials, suggests a more consistent activation of SK2.
As well as action potential shape, firing patterns were also altered by changing CICR. Enhancing CICR increased the AHP and slowed the firing rate. During mixed firing, brief action potentials had a reduced AHP compared with control. In contrast, prolonged action potentials generated large long-lasting AHPs temporarily reducing the firing rate by increasing the interspike interval. The firing pattern switched between brief and prolonged action potentials and we suggest that this is due to the balance between the resting calcium level, CICR, and the amount of SK2 activation. Such complex firing patterns have not been reported previously in IHCs, but we have used mathematical models to predict the effects of a reduction in SK2 current and our model predicts mixed firing patterns (26) . Here, we analyzed the model with particular focus on the interaction between CICR and activation of SK2 channels. Using numerical continuation we characterized the effects of varying both SK2 channels conductance as well as CICR rate on the pattern of electrical activity in the model. Furthermore, we showed that a characteristic ladder of attractors (which give rise to the complex behavior observed experimentally) occurs robustly, in a relatively large portion of parameter space.
Together, these data clearly show that CICR is an essential component of the calcium signal that is responsible for the effective repolarization of action potentials and timing of action potential firing.
Modulation of transmitter release
In the immature animal, the calcium dependence of the synapse and size of calcium current have not yet reached their mature level (15, 43) . Our measurements of cell capacitance demonstrated that, similar to the case in adults (40) , there is no direct contribution of CICR to the intracellular calcium signal that triggers transmitter release, either during short or long depolarizations. The lack of any contribution from intracellular stores, to increases in cell capacitance in the immature animal, indicates that the calcium source (channel) and calcium-dependent sites that are involved in triggering transmitter release are already localized as they are in the adult (40) . This suggests that the calcium signals involved in transmitter release and action potential firing in immature hair cells are segregated. Such localization of calcium signals is a hallmark of calcium signaling in many systems (46) and is due to physical separation of the mechanisms involved as well as regulatory mechanisms such as calcium buffering and extrusion mechanisms.
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Despite the lack of direct effect of calcium release on transmitter release, it is well established that action potentials generate transmitter release and that the amount of release is highly dependent on the length of the depolarization (14, 15) . Therefore, CICR has an indirect role in maintaining transmitter release in immature IHCs because it sets the action potential kinetics and thus controls the length of the depolarizations that triggers transmitter release.
Generation of complex firing patterns
Unlike sodium action potentials, calcium-based action potentials that rely on calcium-activated currents for part of their repolarization phase (4) can be easily modulated physiologically by altering CICR and thus the calcium signal, resulting in trains of action potentials with different kinetics (Fig. 2) . Numerical simulations of the IHC model support this observation, because they show that changes of the CICR rate in the model induce abrupt transitions in the action potential time profiles. Such transitions involve both regular periodic firing patterns and mixed firing states. Our numerical bifurcation analysis reveals that generically, during complex bursting, the SK2 channels conductance controls the number of small plateau oscillations (the lower g KCa , the higher the number of plateau oscillations), whereas a large contribution from CICR promotes normal spiking behavior (the higher p ER , the higher the number of large spikes). Such complex firing patterns have been observed in developing neurons (47) . A generation of mixed action potential firing would produce both small transient calcium signals and larger, long-lasting signals capable of spreading to the nucleus where they may affect gene transcription pathways (48) potentially impacting on the intrinsic development of the hair cell. In addition, prolonged action potentials would lead to longer bursts of transmitter release potentially affecting the early experience-independent firing in auditory neurons.
To our knowledge, the occurrence of the complex firing patterns in the model that correspond to large spike(s) þ plateau (oscillation(s)) bursting attractors have not been observed in this type of model so far. This type of solution in our model may result from interactions between Ca 2þ -dependent inactivation of Cav1.3 calcium channels and/or the double-exponential inactivation function for the delayed-rectifier K þ channels included in the model on one hand, and the activation of Cav1.3 calcium channels combined with the rate of CICR on the other. Numerical analysis of possible interactions governing the dynamical nature of complex firing patterns in the model would be a very interesting future direction for the theoretical part of this research; however, it is beyond the scope of this study.
It is obvious that action potential firing requires calcium signals that are robustly generated yet tightly regulated. Any defect in the mechanisms for generating or regulating such precise calcium signaling could lead to a disruption in action potential; consequently; firing could affect the development of the auditory system. Such remodeling of calcium signals during disease is known to occur in cardiac myocytes that rely heavily on CICR to generate their calcium signals, as well as underlying neurological disease such as Alzheimer's disease (38, 39, 49) . Understanding how immature IHC action potentials are shaped and regulated and the mechanisms that underlie these properties gives us greater insight into how such events may contribute to neuronal circuits and intrinsic development and more widely to understand how complex behaviors in other systems may be generated.
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